During cell division, chromosomes are segregated to nascent daughter cells by attaching to the microtubules of the mitotic spindle through the kinetochore. Kinetochores are assembled on a specialized chromatin domain called the centromere, which is characterized by the replacement of nucleosomal histone H3 with the histone H3 variant centromere protein A (CENP-A). CENP-A is essential for centromere and kinetochore formation in all eukaryotes but it is unknown how CENP-A chromatin directs centromere and kinetochore assembly 1 .
During cell division, chromosomes are segregated to nascent daughter cells by attaching to the microtubules of the mitotic spindle through the kinetochore. Kinetochores are assembled on a specialized chromatin domain called the centromere, which is characterized by the replacement of nucleosomal histone H3 with the histone H3 variant centromere protein A (CENP-A). CENP-A is essential for centromere and kinetochore formation in all eukaryotes but it is unknown how CENP-A chromatin directs centromere and kinetochore assembly 1 .
Here we generate synthetic CENP-A chromatin that recapitulates essential steps of centromere and kinetochore assembly in vitro. We show that reconstituted CENP-A chromatin when added to cell-free extracts is sufficient for the assembly of centromere and kinetochore proteins, microtubule binding and stabilization, and mitotic checkpoint function. Using chromatin assembled from histone H3/CENP-A chimaeras, we demonstrate that the conserved carboxy terminus of CENP-A is necessary and sufficient for centromere and kinetochore protein recruitment and function but that the CENP-A targeting domain-required for new CENP-A histone assembly 2 -is not. These data show that two of the primary requirements for accurate chromosome segregation, the assembly of the kinetochore and the propagation of CENP-A chromatin, are specified by different elements in the CENP-A histone. Our unique cell-free system enables complete control and manipulation of the chromatin substrate and thus presents a powerful tool to study centromere and kinetochore assembly.
Metazoan centromeres are specified epigenetically by the presence of CENP-A nucleosomes 3 . Structural differences between CENP-A and histone H3 nucleosomes 2, 4 and/or specific protein recognition elements in CENP-A seem to provide the information that specifies centromere identity and directs kinetochore assembly in a DNA-sequenceindependent manner [5] [6] [7] [8] [9] [10] . Moreover, many metazoan centromeres are complex in their organization, with interspersed blocks of CENP-A nucleosomes and histone H3 nucleosomes assembled on long arrays of repetitive DNA [11] [12] [13] . The difficulty in purifying and manipulating complex centromeres has limited our understanding of how centromeric chromatin promotes centromere and kinetochore formation and chromosome segregation.
To mimic the arrays of CENP-A nucleosomes present in complex vertebrate centromeres, we reconstituted human CENP-A chromatin from recombinant components (Fig. 1a ). We generated saturated chromatin arrays by salt dialysis of purified histone proteins H2A, H2B, H4 and either CENP-A or H3 with a biotinylated DNA template containing 19 repeats of a 147 bp high-affinity nucleosome positioning sequence (19X601) ( Supplementary Fig. 1a, b) 14, 15 . We bound the biotinylated arrays to streptavidin-coated magnetic beads, thereby immobilizing the arrays so that they can be easily added to and recovered from cell extracts ( Fig. 1a and Supplementary Fig. 1c-e ).
We recently demonstrated that the essential centromere protein CENP-C directly recognizes the C terminus of CENP-A in mononucleosomes but not in isolated CENP-A 2 /H4 2 tetramers 5 (our unpublished observations). Therefore, we tested in vitro translated human and Xenopus laevis CENP-C for binding to reconstituted H3 and CENP-A chromatin. Human and Xenopus CENP-A are .50% identical (Supplementary Fig. 2a ) and we find that both human and Xenopus CENP-C bind specifically to human CENP-A chromatin arrays in vitro, when compared to H3 chromatin arrays ( Supplementary Fig. 2b ). in Xenopus egg extracts. a, A schematic showing the reconstitution of CENP-A and H3 chromatin arrays and the attachment of the chromatin to magnetic beads via biotin end-labelled DNA. b, Representative images comparing cenp-c binding to human CENP-A (HsCENP-A) and H3 chromatin arrays in CSF and interphase Xenopus extract. The left column shows the separate histone H4 staining used for normalization of the quantification, followed by staining for DNA, human CENP-A and cenp-c. A merge image of the DNA (red) and cenp-c (green) channels is shown in the right column. Scale bar, 5 mm. c, Quantification of the array-associated centromeric proteins cenp-c, cenp-n and cenp-k in CSF and interphase extracts, normalized to histone H4 levels. The levels are rescaled so that CENP-A arrays in CSF are set at 1. Error bars represent the standard error of the mean (s.e.m.), n 5 3 (P , 0.05 between CENP-A and H3 chromatin arrays for cenp-c, cenp-n and cenp-k).
Xenopus egg extract is a widely used cell-free system to study chromosome segregation 16 . Egg extracts are arrested in metaphase II of meiosis by the activity of cytostatic factor (CSF) and the cell-cycle state of the extract can be transitioned into interphase by adding calcium. We developed a quantitative immunofluorescence assay to determine whether centromere proteins bound to CENP-A chromatin arrays when arrays were added to Xenopus egg extracts. CENP-N and CENP-K are centromere proteins that are required for proper centromere and kinetochore assembly in somatic cells, and we have previously shown that CENP-N, similar to CENP-C, directly binds to the CENP-A nucleosome 6 . We found that cenp-c, cenp-n and cenp-k specifically associated with CENP-A arrays independent of the cellcycle stage of the extract (Fig. 1b, c and Supplementary Fig. 2c-f ). The centromere protein cenp-t that binds to either H3 nucleosomes or DNA at centromeres did not selectively bind CENP-A chromatin arrays ( Supplementary Fig. 3a , b) 17 . Similarly, the inner centromere protein incenp and polo-like kinase 1 (plk1) associated with both types of chromatin arrays ( Supplementary Fig. 3c ). Xenopus incenp is targeted to chromatin through phosphorylation of both H2A and H3 and thus may have affinity for both CENP-A and H3 chromatin [18] [19] [20] and plk1 associates with chromatin in Xenopus egg extract independent of the kinetochore 21 . Furthermore, reconstituted chromatin segments are unlikely to generate paired sister chromatids with inner centromeres because naked DNA and linear DNA replicates inefficiently in these egg extracts 22 . The specific recruitment of the centromere proteins cenp-c, cenp-n and cenp-k, however, indicates that reconstituted CENP-A chromatin arrays can support essential steps in the centromere assembly process in vitro.
Functional kinetochores assemble on sperm chromatin in metaphase Xenopus egg extract. At high sperm concentration, microtubule depolymerization causes mitotic checkpoint activation, resulting in the increased association of checkpoint proteins with kinetochores and cell-cycle arrest 23 . We tested whether reconstituted CENP-A chromatin arrays support kinetochore assembly and checkpoint protein binding after microtubule depolymerization. We added CENP-A or H3 arrays to CSF-arrested egg extracts and then cycled the extracts through interphase and back into mitosis, in the presence or absence of nocodazole, as outlined in Fig. 2a and demonstrated in Supplementary Fig. 4a . The constitutive centromere protein cenp-c and the microtubule-binding kinetochore protein ndc80 bound to CENP-A arrays in the presence or absence of nocodazole (Fig. 2b, c and Supplementary Fig. 4b ). The spindle assembly checkpoint proteins cenp-e, mad2, rod (also known as kntc1) and zw10 associated with CENP-A chromatin at intermediate levels in the absence of nocodazole but upon microtubule depolymerization their binding increased 2-4 fold ( Fig. 2b ). Western blot analysis showed that cenp-c and ndc80 are precipitated with CENP-A arrays independent of microtubule depolymerization. Xenopus zw10 and rod are enriched on CENP-A arrays upon nocodazole treatment in metaphase, regardless of whether the extract has been cycled through interphase (Fig. 2c ). These results indicate that CENP-A chromatin arrays respond to microtubule depolymerization by recruiting mitotic checkpoint proteins (Fig. 2b, c and Supplementary Fig. 4b ).
Microtubule binding is a hallmark of kinetochore function and decondensed sperm chromatin efficiently supports spindle formation in egg extracts ( Fig. 3a , left) 24 . However, chromatin assembled on naked DNA induces spindle formation in Xenopus egg extracts independent of kinetochores 25 . When we added CENP-A and H3 chromatin beads into mitotic egg extract we observed microtubule polymerization around the majority of CENP-A arrays but only around a subset of H3 arrays (Fig. 3a, left) . We quantified the amount of microtubule polymer associated with each type of array and found significantly more microtubules associated with CENP-A chromatin beads ( Fig. 3b and Supplementary Fig. 5a ). This indicates that CENP-A chromatin preferentially stabilizes microtubules or promotes their polymerization. We observed heterogeneous microtubule structures around the CENP-A chromatin beads ranging from bipolar spindles to stabilized microtubules or microtubule bundles ( Fig. 3a and Supplementary  Fig. 5a , b). A second property of functional kinetochores is that kinetochore-associated microtubule bundles (k-fibres) are stable to cold treatment, which depolymerizes non-kinetochore microtubules. We asked whether kinetochores assembled on CENP-A chromatin could stabilize microtubules to cold shock by incubating the microtubule assembly reactions for 10 min at 4 uC. We found that kinetochores assembled on CENP-A chromatin arrays stabilized microtubules to cold shock similar to kinetochores assembled on native sperm chromatin whereas H3 chromatin arrays did not (Fig. 3a , c and Supplementary Fig. 5c ). When we completely depolymerized microtubules with nocodazole we observed mad2 recruitment to native sperm centromeres and CENP-A chromatin beads but not H3 chromatin beads (Fig. 3a, c and Supplementary Fig. 5c ). These results indicate that CENP-A chromatin arrays, similar to native sperm chromatin, assemble functional kinetochores that promote microtubule binding, k-fibre stabilization and spindle checkpoint function ( Fig. 3a) .
In cells, unattached kinetochores activate the mitotic checkpoint and delay mitotic exit until all chromosomes are properly attached and aligned 26, 27 . We tested whether kinetochores assembled on CENP-A chromatin arrays could generate a mitotic checkpoint response to microtubule depolymerization and delay the cell cycle. We mixed CENP-A and H3 chromatin with CSF extracts, cycled the reactions through interphase and then cycled them back into mitosis in the presence or absence of nocodazole ( Fig. 2a ). We then released the extract from mitosis into interphase a second time and monitored the kinetics of this transition by measuring the mitosis-specific phosphorylation of wee1 (phospho-wee1) ( Fig. 3d ). On release from mitosis, phospho-wee1 levels rapidly declined and were undetectable after 30 min in control extracts containing CENP-A chromatin or H3 chromatin, as well as in extracts containing H3 chromatin in the presence of The levels are rescaled so that CENP-A arrays with nocodazole are set at 1.
Error bars represent s.e.m., n 5 3 (P , 0.05 between (2) and (1) nocodazole for cenp-e, mad2, rod and zw10 binding to CENP-A chromatin arrays). c, Western blot analysis of cenp-c, ndc80, rod and zw10 recruitment to CENP-A (HsCENP-A) and H3 chromatin arrays with and without nocodazole in CSF and cycled egg extracts. H4 levels are shown as a loading control.
LETTER RESEARCH nocodazole ( Fig. 3d, e ). In extracts containing CENP-A chromatin and nocodazole, the phospho-wee1 signal increased until 20 min after calcium addition and subsequently declined until 40 min after calcium addition to a level only slightly lower than that before release ( Fig. 3d, e ).
In the presence of CENP-A chromatin and nocodazole, cyclin B levels rapidly declined but then stabilized, similar to the response observed for native sperm chromatin 23 . However, cyclin B was not stabilized in the presence of H3 chromatin and nocodazole ( Supplementary Fig. 5d, e ). We estimate that the number of CENP-A nucleosomes we are adding to the egg extract exceeds the CENP-A nucleosome concentration required to activate the checkpoint using sperm nuclei 23 . The lower efficiency of reconstituted arrays for checkpoint signalling may be due to the comparatively short length of our reconstituted CENP-A chromatin to native CENP-A chromatin or the lack of replicated sister chromatids and inner centromeres important for tension-dependent checkpoint activation. Despite these differences, our synthetic CENP-A chromatin supports a mitotic checkpoint response that mimics the response of native kinetochores to microtubule depolymerization. The reconstituted chromatin system we have developed provides a distinct experimental advantage over native metazoan centromeric chromatin because the chromatin template can be easily manipulated to dissect the roles of histone proteins in centromere function. A central question in centromere function is how CENP-A chromatin directs the assembly of the centromere and kinetochore. CENP-N recognizes the CATD region of the CENP-A nucleosome while CENP-C binds the C-terminal tail of CENP-A 5,6 . However, the relative importance of these two recognition mechanisms in centromere and kinetochore assembly is incompletely understood.
We generated chromatin arrays containing chimaeric CENP-A/H3 proteins to ask how the CENP-A CATD domain and the CENP-A C terminus influence centromere and kinetochore assembly (Fig. 4a) . We characterized the level of histone exchange and/or loss from the arrays during incubation in extracts and found that the majority of recombinant human CENP-A nucleosomes were stable during the incubation, indicating low exchange and/or loss rates (Supplementary Fig. 6a, b ). We detected a low level of phosphorylated histone H3 on CENP-A chromatin arrays in CSF extract (11.7% 6 7% compared to H3 arrays) and in extract that had been cycled through interphase and back into mitosis (22% 6 13% compared to H3 arrays) ( Supplementary Fig. 6c, d) . The chimaeric arrays containing CENP-A with the histone H3 tail (CENP-A 1 H3C) exhibited similar levels of exchange ( Supplementary Fig. 6c, d) . The Xenopus cenp-a present in the extract did not appreciably exchange onto any of the arrays (detection limit ,5-10% exchange) ( Supplementary Fig. 6c ). The absence of gross rearrangements or bulk histone exchange suggests that chromatin arrays can be used to dissect how individual domains of CENP-A influence kinetochore assembly. 
RESEARCH LETTER
Using our in vitro centromere and kinetochore assembly assay, we found that cenp-c bound with equal efficiency to chromatin arrays assembled with either wild-type CENP-A or with chimaeras of histone H3 with the CENP-A C-terminal six amino acids (H3 1 CAC) but not CENP-A 1 H3C ( Fig. 4b and Supplementary Fig. 7a, left) . This demonstrates that the CENP-A C terminus is necessary and sufficient for recruiting cenp-c to CENP-A chromatin arrays in egg extracts, as it is for CENP-A mononucleosome binding in vitro 5 .
Xenopus cenp-k depends on cenp-c for its association with sperm centromeres 28 and cenp-k also associated with the wild-type and H3 1 CAC arrays ( Fig. 4b and Supplementary Fig. 7a) . Surprisingly, we found that H3 1 CAC arrays recruited cenp-n as efficiently as wild-type CENP-A arrays, even though these arrays lack the CATD recognition element for CENP-N 6 . Xenopus cenp-n binding to either CENP-A 1 H3C or H3 1 CATD arrays was no better than its binding to H3 chromatin arrays, indicating that the CENP-A C terminus is required for cenp-n association with CENP-A chromatin in Xenopus egg extract ( Fig. 4b and Supplementary Fig. 7a ). The lack of Xenopus cenp-n binding to H3 1 CATD and CENP-A 1 H3C chromatin arrays is not due to species differences because Xenopus cenp-n binds human CENP-A mononucleosomes in vitro in the absence of CENP-C ( Supplementary Fig. 7b ). The association of cenp-n and cenp-k with chromatin arrays was dependent on cenp-c, as cenp-c depletion from the extract ( Supplementary Fig. 8a ) reduced the binding to background levels ( Supplementary Fig. 8b, c) . This was not due to depletion of cenp-n or cenp-k by cenp-c, as we have previously shown that complementation of cenp-c-depleted extracts restores cenp-k binding and CENP-K is known to depend on CENP-N for its centromere localization 6, 28, 29, 30 . The dependence of CENP-N on CENP-C for its localization to CENP-A arrays may reflect a role for CENP-C in altering the geometry of centromeric chromatin to promote access of CENP-N to CENP-A nucleosomes, or it may reflect the assembly of CENP-N into the larger CCAN complex recruited to the centromere via CENP-C. Our results demonstrate that cenp-c recognition of the CENP-A C terminus is necessary and sufficient for cenp-n and cenp-k association with chromatin arrays in Xenopus egg extract.
We analysed the chromatin requirements for mitotic kinetochore formation using the experimental strategy illustrated in Fig. 2a . The kinetochore proteins ndc80, cenp-e, mad2, rod and zw10 are efficiently recruited to wild-type and H3 1 CAC chromatin arrays, but not to CENP-A 1 H3C or H3 1 CATD chromatin arrays (Fig. 4c , Supplementary Fig. 9a and Supplementary Fig. 10a ). Similar to wild-type CENP-A chromatin, only the checkpoint proteins cenp-e, mad2, zw10 and rod increased in their association with H3 1 CAC after microtubule depolymerization (Fig. 4c, Supplementary Fig. 9a and Supplementary Fig. 10a ). As with wild-type CENP-A arrays, the H3 1 CAC arrays showed increased associated microtubule polymer indicating that the C terminus of CENP-A directs the formation of microtubule binding or stabilization activity (Fig. 4d ). Human and Xenopus CENP-A differ by two amino acids in their C-terminal tail ( Supplementary Fig. 2a ) and chimaeric nucleosome arrays containing the Xenopus C-terminal tail of cenp-a fused to H3 (H3 1 Xenopus CAC) were equally efficient in cenp-c recruitment and microtubule binding as human H3 1 CAC arrays ( Fig. 4d and Supplementary Fig. 10b) ; indicating that the mode of interaction between CENP-C and CENP-A is conserved.
We assayed the ability of chimaeric nucleosome arrays to promote mitotic checkpoint arrest after microtubule depolymerization and found that H3 1 CATD and CENP-A 1 H3C did not delay the exit from mitosis but that H3 1 CAC did (Fig. 4e, f) . The delay of mitotic exit caused by H3 1 CAC arrays was less effective than that of CENP-A chromatin arrays, indicating that regions of CENP-A in addition to the C terminus increase the effectiveness of checkpoint signalling, possibly by stabilizing CCAN and kinetochore protein interactions with chromatin ( Fig. 4e, f) . Taken together, our data demonstrate that the primary chromatin determinant for functional centromere and kinetochore assembly is the C terminus of CENP-A and its recognition by CENP-C.
Here we have shown that reconstituted CENP-A chromatin, in the absence of native centromeric DNA, is necessary and sufficient for centromere and kinetochore assembly. Our data imply that short domains of CENP-A chromatin are sufficient for assembling core components of the centromere and kinetochore in the absence of higherorder organization of centromeric chromatin and interspersed domains of H3 chromatin.
Using our in vitro system, we have directly assessed how domains of CENP-A participate in centromere and kinetochore assembly, even when the mutations we analyse would be expected to be lethal in vivo. We find that the CENP-A C terminus is both necessary and sufficient for the recruitment of centromere and kinetochore proteins, for microtubule binding and for a checkpoint response to microtubule depolymerization. We suggest that CENP-A performs two functions that can be separated molecularly: (1) the CENP-A CATD provides a recognition mechanism for targeting of CENP-A to centromeres to maintain centromeric chromatin 2,6-8 ; and (2) the CENP-A C-terminal tail domain recruits the conserved centromere protein CENP-C to promote centromere and kinetochore assembly 5 . We envision the use of more complex chromatin templates to understand the importance of higher-order chromatin organization and regulatory modifications in centromere assembly and function.
METHODS SUMMARY
Histone proteins and chimaeras were purified as described previously 5, 6, 15 and assembled onto a biotin end-labelled tandem array of 19 high-affinity nucleosome positioning sequences (19X601) by salt dialysis 14 . Chromatin arrays were bound to streptavidin-coated magnetic Dynabeads (Invitrogen). X. laevis extracts were prepared as previously described 16 and centromere protein binding to chromatin arrays was performed in freshly prepared CSF egg extract for 1 h with or without calcium addition. Arrays were fixed in formaldehyde and stained for centromere proteins by indirect immunofluorescence. Kinetochore and checkpoint protein assembly was assayed by adding arrays to extracts released into interphase with calcium for 80 min followed by re-addition of CSF extract in the presence or absence of nocodazole (10 mg ml 21 ) for another 90 min. To analyse microtubule binding, chromatin arrays were incubated in CSF for 90 min. Reactions were sedimented through a glycerol cushion onto a coverslip followed by tubulin immunofluorescence. Chromatin-array-dependent inhibition of mitotic exit was assayed as described for kinetochore protein binding, but calcium was added a second time to release extracts into interphase. The cell-cycle state was monitored by western blotting using anti-phospho-wee1 antibody, provided by J. E. Ferrell.
Images were collected as 13 axial planes at 2 mm intervals on a Nikon Eclipse-80i microscope using a 360, 1.4 NA PlanApo oil lens and a CoolSnapHQ CCD camera (Photometrics) with MetaMorph software (MDS Analytical Technologies). Axial stacks were maximum intensity projected and quantified using custom software. For normalization of each experiment, a separate histone H4 staining was performed to quantify the exact array coupling efficiency.
METHODS
Histone expression. CENP-A/H4 and H3/H4 wild-type and chimaeric tetramers, as wellasH2AandH2Bdimerswereexpressedandpurifiedasdescribedpreviously 5, 6, 15, 31 . Preparation of biotinylated array DNA. A tandem array of 19 copies of the highaffinity nucleosome positioning sequence (19X601) 14, 32 was digested with EcoRI, XbaI, DraI and HaeII (NEB) overnight to excise the 19-nucleosome positioning sequence array and to digest the remaining backbone DNA to smaller DNA fragments. The array DNA was then purified by PEG precipitation and dialysed against 10 mM Tris-HCl pH 8.0, 0.25 mM EDTA as previously described 14 .
The array DNA was end labelled with biotin by end filling the EcoRI and XbaI sites using Klenow DNA polymerase for 4 h at 37 uC in a reaction containing 35 mM Biotin-14-dATP (Invitrogen), a-thio-dTTP and a-thio-dGTP (Chemcyte) and dCTP. The labelled DNA was then purified using a PCR fragment purification kit (Qiagen). The biotinylation efficiency was determined by adding FITC-streptavidin (final concentration of 10 mg ml 21 ) to 500 ng of purified array DNA and monitoring the fraction of gel-shifted DNA after migration in a 0.7% agarose gel. Chromatin array assembly. To assemble chromatin arrays, biotinylated DNA, CENP-A/H4 or H3/H4 tetramers and H2A/H2B dimers were mixed at a stochiometry of 1:1:2.2 or 1:0.9:2.2, respectively, in high-salt buffer (10 mM Tris-HCl pH 7.5, 0.25 mM EDTA, 2 M NaCl) and then dialysed into low-salt buffer (10 mM Tris-HCl pH 7.5, 0.25 mM EDTA, 2.5 mM NaCl) over 60-70 h at 4 uC. Final array DNA concentration typically was 0.15 mg ml 21 to 0.2 mg ml 21 .
To assess the efficiency of nucleosome assemblies, arrays were digested at room temperature (approximately 22 uC) overnight with AvaI in a low-magnesium buffer (50 mM potassium acetate, 20 mM Tris-acetate, 0.5 mM magnesium acetate, 1 mM dithiothreitol, pH 7.9). Digested chromatin arrays were supplemented with glycerol (20% final concentration) and separated on a native 5% acrylamide gel in 0.53 Tris/ Borate/EDTA buffer for 80 min at 10 mA. Gels were stained with EtBr (1 mg ml 21 ) to visualize DNA. Coupling of biotinylated chromatin arrays to Dynabeads. Biotinylated chromatin arrays were coupled to prewashed streptavidin-coated magnetic Dynabeads (Invitrogen) at a ratio of 10 mg DNA to 1 mg beads in 50 mM Tris-HCl pH 8.0, 75 mM NaCl, 0.25 mM EDTA, 2.5% polyvinyl alcohol (PVA) and 0.05% Triton-X-100 for 1-2 h. The beads were then equilibrated in 75 mM Tris-HCl pH 8.0, 75 mM NaCl, 0.25 mM EDTA, 0.05% Triton-X-100 and either used directly or stored at 4 uC for later use. X. laevis egg extracts. X. laevis CSF extracts were prepared as previously described 16, 33 . To assess the binding of centromeric proteins to chromatin arrays in CSF and interphase egg extracts, chromatin arrays were mixed with freshly prepared CSF egg extract with or without CaCl 2 (final concentration 0.6 mM) at a nucleosome concentration of ,100 nM unless stated otherwise. The reactions were incubated for 1 h at 4 uC or at 16-20 uC in a water bath, the arrays were re-isolated from extracts by exposure to a magnet and then washed three times in 13 CSF-XB buffer (10 mM HEPES pH 7.7, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 100 mM KCl, 5 mM EGTA, 50 mM sucrose) supplemented with 0.05% Triton-X-100. Chromatin arrays were fixed in CSF-XB buffer, 0.05% Triton-X-100, 2% formaldehyde for 5 min. After fixation, chromatin arrays were washed into antibody dilution buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Triton-X-100, 2% BSA) and analysed by immunofluorescence.
Kinetochore and spindle checkpoint protein assembly were analysed by mixing chromatin arrays with CSF extract and CaCl 2 (final concentration 0.6 mM). Reactions were incubated at 16-20 uC for 80 min to allow extracts to release into interphase and mixed every 15 min. One volume of fresh CSF extract was added together with nocodazole (or DMSO) at 10 mg ml 21 and samples were held at 16-20 uC for another 90 min. After 170 min total incubation time, samples for immunofluorescence analysis were washed and fixed as described above.
The cell-cycle state was verified by loading 2 ml extract of all relevant time points onto SDS-PAGE, followed by western blotting using the anti-phospho-wee1 antibody 34 .
To assess the ability of chromatin arrays to inhibit mitotic exit, arrays were mixed with CSF extract and CaCl 2 (final concentration: 0.6 mM). The samples were incubated for 80 min to induce the release into interphase. In the next step, one volume of fresh CSF extract, supplemented with nocodazole/DMSO, was added to cycle the extract back into a mitotic arrest. After 90 min, CaCl 2 was added again to release the extract from mitotic arrest. Western blot samples were taken at all indicated time points and processed as described.
To analyse microtubule binding by CENP-A and H3 chromatin arrays, chromatin arrays were mixed with CSF extract and incubated for 90 min at 18-20 uC. During incubation samples were mixed every 15 min. Reactions were fixed for 10 min in 2.5% formaldehyde, sedimented through a glycerol cushion onto coverslips and post-fixed for 5 min in ice-cold methanol followed by immunofluorescence analysis 35 . To assay for mad2 levels and microtubule stabilization, reactions were either supplemented with nocodazole at a final concentration of 10 mg ml 21 or shifted to 4 uC for 10 min after the 90 min incubation time.
